Cellulose nanocrystal (CNC)-based composite films were prepared as a solid electrolyte for alkaline fuel cells. Poly (vinyl alcohol) (PVA) and silica gel hybrid was used to bind the CNCs to form a robust composite film. The mass ratio (i.e., 1 : 1, 1 : 2) of PVA and silica gel was tuned to control the hydrophobicity of the resulting films. Composite films with a range of CNC content (i.e., 20 to 60%) were prepared to demonstrate the impact of CNC on the performance of these materials as a solid electrolyte for alkaline fuel cells. Different from previously reported crosslinked polymer films, CNC-based composite films with 40% hydrophobic binder (i.e., PVA : silica gel=1 : 2) exhibited simultaneous low water swelling (e.g., ~5%) and high water uptake (e.g., ~80%) due to the hydrophilicity and extraordinary dimensional stability of CNC. It also showed a conductivity of 0.044 and 0.065 S/cm at 20 and 60 o C, respectively. To the best of our knowledge, the film with 60% CNC and 40% binder is characterized by the lowest hydroxide conductivity-normalized swelling ratio. Decreased CNC content (i.e., 40 and 20%) resulted in comparable hydroxide conductivity but a greater swelling ratio. These results demonstrate the Cellulose nanocrystals (CNCs) are a naturally derived biodegradable nanomaterial that has high mechanical strength, high water absorption, great wet dimensional stability, and numerous hydroxyl functional groups. 14, 15 The extraordinary dimensional stability, along with the highly hydrophilic properties, suits CNC well as an ideal precursor for a solid electrolyte with low swelling and high water uptake. The large amount of hydroxyl groups on the CNC surface also facilitates the grafting of cations for enhanced ionic exchange capacity and conductivity. In this article, we report on the preparation of CNC-based solid electrolyte membranes using poly(vinyl alcohol) (PVA) and trimethoxy(methyl)silane as the binder for alkaline fuel cells. These films exhibited superior dimensional stability, handleability, and hydroxide conductivity. For the CNC-composite film with swelling ratio of ~5%, the water uptake (e.g., > 80%) is significantly greater compared to previously reported membranes.
advantage of CNC as a key component for a solid electrolyte for alkaline fuel cells over conventional polymers, suggesting the great potential of CNCs in improving the dimensional stability while maintaining the conductivity of existing anion exchange membranes.
Introduction
Fuel cells are novel devices which convert chemical energy into electrical energy with little emissions and high efficiency. [1] [2] [3] Anion exchange membrane fuel cells (AEMFCs) are currently experiencing a resurgence in research interest due to superior reaction kinetics at the electrodes the use of more affordable materials, lower native operating temperatures, and intrinsically lower methanol permeability. 4, 5 The desire for an improved anion exchange membrane (AEM) has been the focus of much of the current research into AEMFC technology, with the primary challenges being lackluster ionic conductivity and insufficient dimensional stability. 6 However, bolstering ion conductivity in AEMs has been found to lead to excessive water uptake, with detrimental consequences in terms of dimensional stability (i.e., high swelling). 7 Covalent cross-linking has been employed as an effective approach to reduce the water swelling of AEMs. [8] [9] [10] [11] Multifunctional compounds including dithiol, 8 dialdehyde, 10 alkoxysilanes, 9 diamines 12 and tetraepoxy 11 have been reported as cross-linking agents. Despite the covalent cross-linking, hydrophilic membranes (e.g., tetraalkoxysilanes-cross-linked membrane) still exhibited a swelling ratio of ~20% due to high water uptake (e.g., ~60%). 9 Indeed, cross-linked hydrophobic membranes (e.g., poly(phenylene oxide)) showed much lower swelling (e.g., < 5%).
However, they are characterized by low water uptake (e.g., ~30%), resulting in reduced ionic exchange capacity and hydroxide conductivity. 13 As such, a strategy is still yet to be developed for simultaneous low membrane swelling and high water uptake. PVA (5 g) was dissolved in DI water (100 mL) under stirring at 85 °C in a round bottom flask equipped with a condenser. The solution was then removed and allowed to cool to room temperature. CNC (1 g) was mixed with DI water (20 mL) and sonicated for approximately 60 s until homogeneity was achieved. Xerogel synthesis was carried out by combining HCl (90 ߤL), MTMOS (1136 ߤ L), and DI water (9766 ߤ L) under magnetic stirring for 15 min. Upon completion, the xerogel solution was immediately mixed with the PVA solution in a glass vial and gently swirled for approximately 20 s to form two separate homogeneous binder solutions, with binder A containing a 1 : 1 mass ratio of xerogel to PVA and binder B containing a 1 : 2 mass ratio. The binder solutions were then immediately mixed with the CNC solution in glass vials at various specific mass ratios (40 to 80%) and gently swirled for approximately 20 s. All membranes have a total mass of 500 mg excluding water. The binder-CNC solution was then immediately cast into plastic petri dishes and left to dry for 12 h. The dried membranes were then placed in the oven to cure at 40 °C for 48 h.
Characterizations of the CNC-based composite films
Water uptake was measured by first recording the dry mass of individual membrane strips. The membrane strips were then immersed individually in DI water at 20 or 60 °C. After 24 h, the strips were removed and the surface was carefully dried utilizing absorbent paper. The mass was then quickly recorded to avoid water loss during the measurement. The water uptake (WU) was calculated from:
Swelling degree was measured by carefully recording the dimensions of individual membrane strips (approximately 56 x 13 x 0.075mm dry). The strips were then immersed in DI water at 20 or 60 °C for 24 h. The strips were then removed and the dimensions were measured again. The swelling degree (SD) was calculated as:
Tensile testing of the wet films was carried out at room temperature (25 °C) utilizing the RSA III Rheometrics System Analyzer manufactured by TA Instruments. CNC-composite films were immersed in water for 24 h prior to the tensile testing. Rectangular geometry tensile-testing quantified stress/strain performance. Modulus was calculated by analysis of the low strain portion of the stress/strain curve.
Infrared adsorption spectra of CNC-based composite films were obtained with the attenuated total reflectance technique using a Thermo Nicolet Nexus 670 FTIR spectrometer to characterize the chemical composition of the composite films Differential scanning calorimetry (DSC) measurements were performed to characterize the change of glass transition and melting temperature resulted from the crosslinking using a TA DSC Q2000 from 20 to 300 o C, with cooling and heating rates of 10 o C/min.
Electrochemical impedance spectroscopy (EIS) was measured using a potentiostat (VSP, Bio-Logic). Specimens from at least four batches were used. The applied potential was 10 mV, and the frequency was scanned from 1 MHz to 50 mHz with 5 points per decade. A home-made Swagelok cell was used to implement the EIS measurement, and two stainless steel rods with polished surfaces were used as the electrodes. The temperature was kept constant (20 or 60 °C) during the measurement.
Synthesis of CNC-based composite films.
Cellulose nanocrystals (CNC) are known to form transparent films which disintegrate upon exposure to water, limiting its application as an electrolyte membrane for alkaline fuel cells. In this study, PVA-silica gel polymer hybrids were employed as the binder for CNC to form a stable film in water. PVA-silica gel hybrids are cross-linked networks that have been extensively studied for various applications. 16 As shown in Scheme 1, silanes were first hydrolyzed and condensed to form a highly branched silica network with hydroxyl groups which further condensed with those on PVA, yielding a cross-linked network. Scheme 1. Sol-gel chemistry to prepare PVA/silica gel polymer hybrids Given the fact that the sol-gel chemistry is conducted in an aqueous environment, a great medium for uniform dispersion of CNC, we expect the PVA/silica gel hybrids to be ideal binders for CNC films. Hydrophobicity of the electrolyte membrane is known to play a key role in the water absorption and dimensional stability of the film. Two binders were thus prepared with different mass ratios of PVA to silane MTMOS which are 1 : 1 and 1 : 2 for binder A and B, respectively. Because MTMOS is a hydrophobic silane, binder B is characterized by greater hydrophobicity compared to binder A. To systematically study the effect of binder content on their performance as solid electrolytes for alkaline fuel cells, composite films with various CNC MTMOS PVA content were prepared. Table 1 lists the composition of the CNC-based composite films prepared in this study. agreement with the literature value. 18 The melting endothermic peak shifted to higher temperatures (e.g., ~220 o C) for the CNC-based composite films, as a result of the reduced chain mobility by silane cross-linking. Interestingly, for films with high CNC content (e.g., 40A, 40B, 60B), a second melting peak above 250 o C was observed, corroborating previous reports on PVA/nanocellulose composites. 19 The intensity of this peak increases gradually with the CNC content, suggesting a crystalline 
Water uptake and swelling
Water uptake and swelling of the CNC-based composite films were evaluated at both room temperature and 60 o C, which are commonly used as operating temperatures for alkaline fuel cells. The measurements were carried out quickly to avoid water loss. As expected, film 40A exhibited the greatest water uptake (e.g., ~ 160%) due to the hydrophilicity of binder A. The high water uptake led to a significant swelling ratio of ~20%, which is characteristic of PVA-based materials. In contrast, the series films using binder B exhibited much lower swelling. For example, film 40B exhibited extremely low swelling of ~5% at both temperatures as a result of the lower water uptake (~80%) compared to 40A. Further inspection of the results revealed that the swelling increases with the binder content. Compared to film 40B, the swelling of 80B increased to ~17% at both temperatures. In addition, the swelling of film 60B (i.e., ~10%) is greater than that of film 40B although both films exhibited similar water uptake. This result reveals the important role of CNC in limiting the swelling of the composite films. Indeed, nanocellulose materials are known to have high water uptake and excellent wet dimensional stability. 15 Notably, when CNC content is 60% (i.e., 40B), the composite film exhibited a comparable swelling ratio but much higher water uptake when compared to the previously reported cross-linked poly(phenylene oxide) films. 13 Greater water content in the film is known to contribute to greater hydroxide conductivity via the Grotthuss mechanism, a well-known mechanism for hydroxide diffusion in aqueous solution. 21, 22 These results demonstrate the advantage of CNC-based composite films in maintaining low swelling with high water uptake compared to conventional polymer membranes. Of note, the swelling was measured at both edges and center of the film. The standard deviation thus represents how isotropic of the swelling. 
Mechanical properties
Tensile testing was conducted to evaluate the mechanical properties of the CNC-based composite films. All films were immersed in water for 24 h prior to the test. All measurements were conducted under ambient conditions. Since the measurements take less than 1 min, no significant change in properties is expected. Binder B series were selected to show the influence of CNC content on the mechanical properties such as tensile strength, modulus, and elongation at break. As such, it is extremely difficult to handle these materials with ease. As shown in Figure 5 and Table 2 , film 80B exhibited the lowest modulus and highest elongation as a result of the greater water uptake (e.g., ~160%) compared to film 40B and 60B. The film showed poor selfsupporting ability and collapsed on itself when being lifted up. ( Figure 6B ) In contrast, film 40B maintained its original shape, suggesting a good self-supporting ability and handleability. ( Figure   6A ) There are two reasons for the higher modulus of film 40B and 60B. In addition to the lower water uptake (e.g., ~80%), the reinforcing effect of CNC plays an important role in enhancing the modulus. CNC has extraordinary mechanical properties and is widely used as reinforcing agent for different polymers. [23] [24] [25] [26] [27] [28] [29] [30] Indeed, CNC has been used to reinforce PVA, resulting in increased modulus. 31, 32 Of note, film 40B exhibited lower tensile strength and modulus than 60B, probably a result of the lower amount of binder in the film. As mentioned earlier, pure CNC films disintegrate in water due to a lack of strong binding between individual CNCs. The use of a binder is necessary to achieve mechanical strength. Clearly, higher binder content is expected to lead to better wetting of the CNCs and the consequent enhanced mechanical properties.
However, higher binder content (i.e., 60B) also contributes to increased swelling (e.g., ~10%).
As such, CNC is a double-edged sword which contributes to low swelling but poor mechanical strength. Of note, the tensile strength of 40B is comparable to other previously reported anion exchange membranes. 33 Collectively, film 40B is the most promising candidate as a solid electrolyte for alkaline fuel cells given its great dimensional stability, handleability, and water uptake. 
Hydroxide conductivity
Films 40B and 80B were selected to study the effect of CNC content on the hydroxide conductivity. The CNC-based composite films were immersed in 1 M KOH for 24 h prior to the conductivity measurements at room temperature (20 o C) and 60 o C. The hydroxide conductivity was determined to be 0.044 and 0.053 S/cm for 40B and 80B at 20 o C, respectively, comparable to previously reported cross-linked poly(phenylene oxide) films and meeting the basic requirement for membranes in an alkaline fuel cell (>10 -2 S/cm). 34 Film 80B exhibited slightly greater conductivity because of the higher water uptake. However, the difference is negligible at higher temperature (i.e., 60 o C), suggesting that temperature plays a more significant role in the hydroxide conductance. Compared to a commercial FAA anion exchange membrane, which is characterized by a swelling of 17% and conductivity of 0.038 S/cm, 13 film 40B exhibited a much lower swelling and slightly higher conductivity.
Additionally, film 40B also showed superior dimensional stability compared to some other previously reported cross-linked AEMs (e.g., commercial FAA, quaternary ammonium polysulfone, cross-linked quaternary phosphonium, quanternary ammonium poly(phenylene oxide)) as shown in Figure 8 . To date, the AEM with the lowest hydroxide conductivitynormalized swelling ratio is cross-linked poly(phenylene oxide) (PPO) (0.16% cm/mS), 13 which is higher than that for film 40B (0.11% cm/mS). These results suggest that the use of CNC-based composites is an effective strategy to achieve low swelling ratio while maintaining the ion conductivity. Figure 8 . Comparision of hydroxide conductivity of film 40B to literature values for commercial FAA 13 and reported chemically cross-linked AEMs (quaternary ammonium polysulfone (QAPSU), 35 cross-linked quaternary phosphonium (TQPQ), 36 and quanternary ammonium poly(phenylene oxide) (QAPPO) membranes 13 ) as a function of water swelling ratio.
Conclusions
The aim of this study was to develop a strategy to design a solid electrolyte with simultaneous low swelling ratio and high water uptake for alkaline fuel cells without compromising on the Low swelling 40B exhibited superior dimensional stability, higher water uptake, and lower conductivitynormalized swelling ratio compared to previously-reported cross-linked AEMs. 13, 35, 36 The results shown in this article demonstrate the great potential of CNC-based composite films as solid electrolytes for alkaline fuel cells. Most importantly, CNC is predicted to work well with other existing AEMs to reduce their swelling ratio. Further modification of CNC with suitable cations may result in even greater hydroxide conductivity.
